The regulatory elements governing the process of lymphopoiesis from pluripotential stem cells to mature lymphocytes are not well understood. In this study we found that in bone marrow chimeras made by reconstituting lethally irradiated normal mice with bone marrow taken from genetically B cell-deficient animals (µMT. B6 F1) This observation would seem to suggest that during lymphpoietic reconstitution, missing lymphoid lineages can dictate their own reconstitution.
Introduction
It is well established that all four blood borne cell lineages, i.e., erythroid, lymphoid, myeloid and megakaryocytes are generated from a common progenitor cell called pluripotential hematopoietic stem cell (PHSC) through a process called hematopoiesis. The PHSC is a rare cell present in the bone marrow at an estimated frequency of 1 x 10 -5 to 5 x 10 -5 cells. One of the hallmarks of PHSC is their ability of self-renewal and continuous contribution to hematopoiesis for the entire life span of the host (reviewed in [1] [2] [3] [4] ).
The mechanisms governing the differentiation of PHSC into the different hematopoietic lineages are for the most part unknown. There are two prevailing theories of how stem cells "decide" to self-renew or to differentiate. One proposes that the decision is stochastic (random)
or self-regulated while the other proposes an instructive mechanism where cytokine levels or cell to cell contacts with stromal cells instruct the pluripotential cell towards one pathway or the other (reviewed in 2; 3; 5; 6 ). A variation of the instructive model is that competition by different stem cells to niches in the stromal bone marrow will determine their fate where access to one site would lead to a particular outcome while access to a different site would yield an alternative result. [3] [4] [5] Another unclear aspect of hematopoiesis is whether negative and/or positive feedback between the periphery and the PHSC pool plays a role in stem cell development and differentiation. In the case of erythropoiesis it is well established that erythrocyte production is tightly regulated by peripheral factors since in response to hypoxia the kidney secretes erythropoetin which induces marrow-resident progenitors to differentiate into red cells until tissue oxygen levels are restored. 7 Similarly, thrombopoiesis is a peripherally regulated process in which the number or mass of circulating platelets determines precursor differentiation. 8 For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From
In the case of lymphopoiesis, although the peripheral lymphocyte pool size remains remarkably constant during normal conditions, no evidence for feedback regulation between the periphery and precursors has been found. In studies in which peripheral B or T cells were depleted in vivo by antibody treatment, precursor proliferation rate and cellular output did not change in bone marrow or thymus. [9] [10] [11] Similarly, selective depletion of CD4 + T cells had no effect on the export of thymic CD8 + or CD4 + cells. 11 The lack of feedback regulation by mature peripheral B cells and the central pre-B cell compartment was also reported in studies in which B cell production was found to be unchanged in irradiated B cell-deficient (µMT) mice reconstituted with normal B6 BM diluted at different ratios with B cell-incompetent BM from µMT mice. 12; 13 Thymic grafts in neonatally thymectomized mice also were found to export T cells at a constant rate even when the peripheral T cell pool was far from full. 14 The opposite scenario in which an excess of thymic lobes were transplanted into normal mice also failed to demonstrate peripheral regulation of thymic output 9; 14-16 Negative regulation of B cell production by peripheral B cells has not been detected either. It has been estimated that the BM generates 1-2 x 10 7 B cells daily in normal mice even when the peripheral B cell pool is full. 17 Taken together, these results point to an absence of a feedback mechanism between peripheral lymphocyte numbers and lymphopoiesis since depleted or excess numbers of peripheral cells does not result in increased or decreased proliferation of early precursors nor does it affect the output of new lymphocytes from the bone marrow or the thymus.
In this study we report the long term and specific contribution to the lymphopoid lineage by host PHSC in lethally irradiated mice reconstituted with bone marrow cells taken from genetically-deficient mice incapable of generating either B cells, T cells or both. In all cases, the 
Materials and methods

Mice
C57BL/6J µMT (µMT.B6) male and female mice were initially purchased from The Jackson Laboratory, (Bar Harbor, ME) and were maintained in a germ-free environment. Mice made Tcell deficient by disruption of the T cell receptor beta chain (TCR -/-) and recombinationactivating genes knockout mice deficient in both B and T lymphopoieisis (RAG -/-) in the C57BL/6J background were also obtained from The Jackson Laboratory and bred in our facility.
CB6F1 animals (BALB/c x C57BL/6J) and C57BL/6J (B6.Thy1.2) mice were either bred in our facility or purchased from The Jackson Laboratory. C57BL/6J-Igh a Thy1 a Gpi a (B6.Thy1.1) congenic mice were purchased from The Jackson Laboratory.
Monoclonal antibodies
Hybridomas J1j and T24 (rat anti-Thy-1.2), T11De (rat anti-Thy-1.1), J11d (rat anti-mouse HSA), GK1.5 (rat anti-mouse CD4), 3.168 (rat anti-mouse CD8), 120. 
FACS analysis
The origin of peripheral lymphocytes and myeloid cells in bone marrow chimeras was Primers for the specific amplification of V families have been previously described. 18 The cycling parameters were; 3 minutes at As is evident from the figure, only the B cell population was generated from host stem cell precursors. All T cells and myeloid cells were of donor type (negative for H-2 d staining, figure   1B and 1C). In contrast, in control animals where normal B6 mice were used as bone marrow 
Reconstitution of T cells by host progenitors in TCR -/-
F1 chimeric mice
To determine if the observations made for B lymphopoiesis in the experiments described above were also true for T lymphopoiesis, we prepared chimeric animals where the donor bone marrow was derived from animals impaired in T cell development (TCR chain knockout mice arrested at the double negative stage of T cell development). 20 TCR -/-BM donor mice were also of the C57BL/6J background and normal lethally irradiated CB6F1 animals were used as recipients.
Chimeras were allowed to reconstitute their immune system for at least three months before analysis. Contribution by host versus donor cells was determined using the same MHC class Ispecific antibodies described above. In these bone marrow chimeras we observed the specific 
F1 chimeras
To examine lymphopoiesis in bone marrow chimeras where the donor BM is deficient in both B and T cell development, BM from RAG -/-mice of the C57BL/6 background was used to reconstitute normal CB6F1 recipients. RAG -/-mice lack the recombination-activating gene required for the rearrangement of both T cell and B cell receptors whose expression on the cell surface is required for both T and B lymphocyte maturation. Therefore, bone marrow from these animals can not support lymphopoiesis. The staining of a representative chimeric animal is shown in figure 3A . In these RAG -/-chimeric animals both T and B lymphocytes found in spleen
and lymph nodes were of host origin. In contrast, all myeloid cells were of donor origin ( figure   3B ). No host-derived myeloid cells could be detected. A total of 10 chimeric animals were analyzed and in all cases we observed B and T cell reconstitution by host cells. 
Reconstitution of lymphoid compartments is incomplete in bone marrow chimeras
In all three types of chimeras described above, the level of reconstitution of host-derived B cells, T cells or both, varied between individual mice. To determine the long-term extent of reconstitution observed in these chimeras, we allowed chimeric mice to reconstitute for a full year before analysis. A summary of the results is presented in table Table 1 ). The implications of this finding are discussed later. PCR as previously described. 18 Representative results of such an analysis are shown in figure 5 for four experimental and two control mice. 
Co-transfer of mature T cells does not inhibit the emergence of host-derived T cells in TCR -/-
F1 chimeric mice
In the chimera model system used throughout these studies, lymphopoiesis occurs in an environment that is devoid of any mature lymphocytes in the periphery of the host animal. It is therefore tempting to speculate that host T cells in these mice develop because there is no negative feedback from peripheral T cells, a situation that does not exist in normal animals. To address this possibility, mice were co-transferred with a large number of mature, Thy-1.1 congenic T cells together with the reconstituting bone marrow cells derived from TCR -/-mice.
As shown in figure 7 Taken together these results suggest that host-derived T cells in these mice represent a fully functional compartment and that these reconstituted lymphocytes are likely to be the product of de novo production by surviving host cells.
For 
Discussion
The main and novel finding in this study is that radiation chimeras reconstituted with genetically defective BM lacking the ability to generate part or the entire lymphoid lineage, will selectively reconstitute the missing compartment from host derived stem cells, while other should have "out-competed" the surviving host stem cells, or it would have to be assumed that only the precursors past the genetic block compete but not the ones before the blocked stage. We therefore think that competition among host and donor PHSC and even higher precursor cells would be an unlikely explanation for the observed selective reconstitution.
As for competition (or lack there of) between mature lymphocytes, we show that coinjections of large numbers of donor type, mature (Thy-1 congenic) T cells together with T cell defective donor BM has no effect on the reconstitution pattern, and the missing T cell compartment is reconstituted by host T cells to the same degree ( Figure 7 and 32 However, in both of these studies competition was
shown to occur between cells in which one population has an advantage over the other.
Another potential explanation for the finding reported in this paper is that some mature lymphocytes have survived lethal irradiation and expanded by homeostatic proliferation. It has been reported that mature T cells adoptively transferred into either T-deficient mice or sublethally irradiated recipients undergo homeostatic proliferation but not when they are transferred into normal recipients (reviewed in 13; 33; 34 ) . T cells that undergo such proliferation have been found to upregulate CD44 expression and to have a skewed repertoire.
13; 33
Furthermore, homeostatic proliferation has been recently found to be inhibited by the co-transfer of mature T cells. 34 To determine whether homeostatic proliferation was responsible for the For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From irradiation to completely deplete host T cells prior to bone marrow transfers. In addition, homeostatic proliferation of B cells after transfer into B-deficient mice has not been reported, 38;39 and in our system host cells also reconstituted peripheral B cells when the donor BM was unable to do so.
Another interesting point is the fact that the reconstitution of the lymphoid compartment by cells of host origin was never complete. The T cell compartment in TCR -/-F1 was reconstituted to a level which is approximately 50% of B6 F1, while the B cell compartment in µMT F1 was reconstituted to about one third the level of B6 F1, implying that the number of surviving host-derived PHSC is not enough to sustain a full reconstitution of the missing lymphoid population in the host. This is a surprising finding since it was suggested by several reports that, at least for T cells, even very few stem cells can repopulate the entire thymus and give rise to the entire T cell population. 40 The results presented here suggest that this might not be the case and that a continuous supply by a certain number of stem cells is required to keep the T cell pool at its normal size. Indeed, for B cells, it has been found that a continuous contribution by the bone marrow is required in order to maintain a normal number of peripheral B cells. 41 Furthermore, Agenès et al, reported that chimeras reconstituted with a limited number of competent pre-B cells were unable to fully reconstitute peripheral B cell numbers. 12 Strikingly, in this latter study, chimeras reconstituted with 2 or 5 % of the normal pre-B cell pool had 14 x 10 6 and 18 x 10 6 peripheral B cells respectively, which is very close to the average of 15 x 10 6 B cells that we observed in the present study. 12 Almeida et al, also reported that a limited number of precursors in the thymus resulted in an incomplete peripheral T cell pool. 9 Therefore, it is likely that the incomplete reconstitution that we observed in our system is due to the very limited number of precursors that survived the irradiation.
For personal use only. on November 16, 2017 . by guest www.bloodjournal.org From Another possible explanation is that a radiation-resistant, lymphoid precursor cell is directly responsible for the lineage-specific reconstitution observed in this study and contrary to the prevailing dogma, this cell is long-lived and self-renewing. As mentioned in the introduction, in both erythropoiesis and thrombopoiesis where a definite regulation between the periphery and the bone marrow has been shown to exist, the target of such regulation is a lineage-committed precursor cell. 7; 8 We have also shown in a previous study that, at least for the myeloid compartment, long-lived, lineage-specific stem cells do exist in the spleen and maintain the myeloid lineage for the lifetime of the host. 42 Recent evidence for the existence of a common lymphoid precursor 34 also raises the possibility of a long-lived committed lymphoid precursor being responsible for the observed reconstitution.
Taken together, the observation that missing lymphoid lineages can be specifically restored by host-derived precursors during hematopoietic reconstitution implies that during hematopoiesis, the lack of a lymphoid subpopulation or the entire lymphoid lineage is somehow monitored and results in the differentiation of host-derived lymphoid precursors into mature lymphocytes. 
